Introduction
Chinese traditional herbal medicine (CTHM) has been used for thousands of years in China. In the last two decades, the use of CTHM and its derived products has spread around the world, leading to an increase in the use of herbal medicines.
1 Salvia miltiorrhiza, a popular CTHM, is widely used in oriental medicine for treating cardiovascular diseases, such as atherosclerosis, hypertension and congestive heart failure. 2, 3 Especially, salvianic acid A (SA), isolated from S. miltiorrhiza, has a quite high bioactivity to protect myocardial mitochondrial membrane from an ischemia-reperfusion injury, prevent apoptosis, scavenge oxygen free radicals and inhibit lipid peroxidation. Moreover, SA also has other biological responses, such as anti-thrombosis, antitumor, anti-inflammation, enhancing immunity, and an hepatoprotective effect. [4] [5] [6] Thus, to study its active mechanism and to develope a rapid, simple and sensitive method for determination of salvianic acid A sodium (SAS) are of great importance and interest. However, SA is unstable in nature; it was usually transformed into its sodium salt, SAS. SAS has the same effectiveness as SA. The chemical structures of SA and SAS are shown in the Fig. 1 .
So far, only chromatographic methods have been applied to determine SAS. [7] [8] [9] Recently, interest has been increasing concerning the application of simple, sensitive, rapid and inexpensive electrochemical methods in the analysis of pharmaceutical drugs. These methods do not require any tedious pretreatment, and involve limited pre-separation; consequently, they reduce the cost and time of analysis. Moreover, the techniques also help to identify the redox of drug compounds and to provide important information about pharmacological actions. However, to the best of our knowledge, only a few papers have been published concerning the electrochemical redox mechanism and voltammetric determination of SAS at a solid electrode.
Graphene, considered to be as a "rising star" nanostructured carbon material, is a flat monolayer of carbon atoms tightly packed into a two-dimensional honeycomb-like lattice. 10 Because of their low manufacturing cost, 11 high surface area, 12 excellent electrical conductivity, 13 unique graphitized basal plane structure, 10 and strong mechanical strength, 10 graphene sheets exhibit fascinating applications in fields of battery, 14 super capacitor, 15 fuel cells 16 and chemical sensors. 17 In the area of electroanalytical chemistry, much effort has been made to explore its electrocatalytic activity as electrode materials for purpose of highly sensitive analysis. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] For instance, it has been reported that graphene-based electrodes promote the electrochemical reaction of some small biomolecules, such as NADH, 18 ascorbic acid, 19 hydrogen peroxide, 20 dopamine 21 and DNA. 22 In this work, an electrochemical sensor based on reduced graphene oxide (rGO) for a highly sensitive determination of SAS was reported. This sensor exhibited a superior ability for detecting SAS, because rGO formed a compact and crumpled film on the surface of a pre-anodized glassy carbon electrode, which exhibited a highly sensitive response to the redox of SAS.
A simple, but highly sensitive, electrochemical sensor for the determination of salvianic acid A sodium (SAS) based on reduced graphene oxide (rGO) is reported. The sensor (rGO/GCE(ox)) was prepared by coating an rGO film on the surface of a pre-anodized glassy carbon electrode (GCE(ox)) through a dipping-drying method. The characteristic of the modified electrode was examined by scanning electron microscopy (SEM) and electrochemical impedance spectroscopy (EIS). Compared with bare GCE, GCE(ox) and rGO modified GCE, this sensor exhibited a superior ability for detecting SAS. Under the selected conditions, the reduction current had a good linear relationship with the SAS concentration in the range of 8.0 × 10 -8 -2.0 × 10 -5 mol L -1 , with a low detection limit of 2.0 × 10 -8 mol L -1
. Furthermore, the method was also successfully applied to detect SAS in medicinal tablets. Based on this result, a simple and sensitive electrochemical method was proposed for detecting SAS in medicinal tablets.
Experimental

Apparatus and reagents
The Model CHI 650A electrochemical system (CHI Instrumental, Shanghai, China) was employed for electrochemical techniques. Scanning electron microscopy (SEM) images were obtained with a Quonxe-2000 field emission scanning electron microscope (FEI Co., Holland). Transmission electron microscope (TEM) (Tecnai G 2 20 S-TWIN, FEI Co., Holland) was employed to observe the morphology. A standard three-electrode electrochemical cell was used with a glassy carbon electrode (GCE) (d = 3 mm) or modified GCE as a working electrode, platinum (Pt) wire as an auxiliary electrode and a saturated calomel electrode (SCE) as a reference electrode (the internal solution was a saturated KCl solution). All of the pH measurements were made with a PHS-3C precision pH meter (Leici Devices Factory of Shanghai, China), which was calibrated with a standard buffer solution at 25 ± 0.1 C every day.
SAS was purchased from Nanjing Zelang Medical Technology Co. (Nanjing, China). Graphite powder (spectroscopically pure reagent) was from Qingdao Hensen Graphite Co., Ltd. (China). Yixinshu Pian was purchased from a herbal shop; 1.0 × 10 -3 mol L -1 SAS stock solutions were prepared with double-distilled water, and kept in darkness at 4 C. All other reagents were of analytical grade, and were used as received.
Synthesis of rGO
Graphene oxide was prepared from natural graphite powder by a modified Hummers method. 33 The reduction of graphene oxide using ascorbic acid was performed in water at room temperature for 24 h. In a typical experiment, 100 mg of ascorbic acid was added to 50 mL (0.1 mg mL -1 ) of an aqueous dispersion of the graphene oxide under vigorous stirring. A powder of rGO was obtained by filtration and drying in air. The rGO was dispersed in N,N-dimethylformamide (DMF) at a concentration of 0.2 mg mL -1 , which was characterized using TEM. Figure 2 shows an image of the wrinkled rGO with no aggregation, indicating that the rGO well dispersed in DMF, and the suspensions were stable at room temperature for about 3 weeks.
Electrode pretreatment and rGO-modified procedure
GCE was polished progressively with finer emery-paper, 0.5 μm Al2O3 on a polishing cloth, and cleaned in an ultrasonic bath for 1 min. Then the electrode was treated in a 0.10 mol L -1 phosphate buffer solution (pH 5.0) by applying a potential of +1.75 V for 300 s under constant stirring. Besides, cyclic voltammetry (CV) was carried out in the same solution with a scan potential window of between 0.30 and 1.25 V at a scan rate 50 mV s -1 , until a stable CV profile was obtained. 34 This pretreated GCE was named GCE(ox).
Finally, the GCE(ox) was inverted upside and a 5 μL rGO solution was dropped on the electrode tip with the help of a micropipette. It was allowed to dry at room temperature. This modified electrode was named rGO/GCE(ox). For a comparison, rGO/GCE was fabricated by a similar procedure.
Tablets assay procedure
The sample powder was obtained by grinding 1 tablet (JiangXi ShanXiang Pharmaceutical Co., Ltd.). The powder was extracted with 25 mL of methanol for 30 min in an ultrasonic bath. The solution was filtered into a 50-mL volumetric flask through ordinary filtration paper, and then diluted to an exact volume with methanol. The sample solution was stored in the dark. Just before each measurement, it was diluted quantitatively with a supporting electrolyte.
Results and Discussion
Morphological characterization of rGO film
Two different electrodes, bare GCE and rGO/GCE(ox), were compared by SEM. The SEM images were randomly captured at different locations of the electrode surface. Figure 3 shows SEM images obtained from GCEs and rGO film modified GCE(ox). Compared with the glazed surface of bare GCE (Fig. 3A) , a compact and crumpled film of rGO was formed with plenty of particle-like protuberances (Fig. 3B) , indicating that rGO film can homogeneously distribute at the GCE surface.
Electrochemical impedance characterization
To investigate the interface properties of the electrode surfaces, electrochemical impedance spectroscopy (EIS) was used as a powerful technique to characterize different modified electrodes. Figure 4 presents the Nyquist plots of the EIS at bare GCE (curve a), GCE(ox) (curve b), rGO/GCE (curve c) and rGO/GCE(ox) (curve d) in 5.0 × 10 -3 mol L -1 Fe(CN)6
3-/4-(1:1) containing 0.2 mol L -1 KCl, respectively. The whole of EIS has two parts: a linear segment at lower frequencies shows a controlled diffusion process; the semicircle part at higher frequencies corresponds to the electron-transfer limited process or the electron-transfer resistance (Rct). An equivalent circuit, as shown in the insert of Fig. 4 , was designed. The obtained Rct was about 167, 2598, 21 and 667.5 Ω for GCE, GCE(ox), rGO/GCE and rGO/GCE(ox), respectively. Clearly, Rct of the bare GCE was larger than Rct of rGO/GCE, indicating that the graphene film greatly improved the conductivity and the electron-transfer process. Also, Rct of GCE(ox) was obviously increased, which may be attributed to that there was a membrane containing much carboxyl formed on the surface of the electrode after the GCE was pretreated, 36 introducing a resistance into the electrode/solution system. At the same time, Rct decreased remarkably after rGO was immobilized on the GCE(ox) surface, which demonstrated that the rGO film had been successfully immobilized on the GCE(ox) surface, just as designed. Figure 5A shows cyclic voltammograms of the background (curve a) and 5.0 × 10 -5 mol L -1 SAS (curve b) in 0.1 mol L -1 H2SO4 solutions (pH = 0.95) at rGO/GCE(ox). Clearly, no redox peaks were obtained at rGO/GCE(ox) in a blank 0.1 mol L -1 H2SO4 solution, indicating that the rGO film was non-electroactive in the selected scan region. When SAS was added into a blank 0.1 mol L -1 H2SO4 solution, a pair of well-defined redox peaks was observed at rGO/GCE(ox). There is no doubt that the redox peaks should be attributed to the electrochemical redox behavior of SAS.
Electrochemical behavior of SAS at rGO/GCE(ox)
Figure GCE, GCE(ox), rGO/GCE and rGO/GCE(ox), respectively. Clearly, SAS showed electrochemical activation on all electrodes. At bare GCE, a pair of weak redox peaks could be discerned (Fig. 5B, curve a) . When GCE(ox) was applied, the redox peaks became noticeable (Fig. 5B, curve b) , probably due to the enlarged surface area and the introduction of active sites by anodization. 36 In addition, the redox peaks of SAS at the rGO/GCE were obviously increased (Fig. 5B, curve c) , which might be attributed to graphene providing a large specific surface area to increase the loading amount of SAS. Importantly, compared with the bare GCE, GCE(ox), rGO/GCE, the pair of redox peak currents obtained at rGO/GCE(ox) were much lager (Fig. 5B, curve d) , of which the oxidation peak current (ipa) was about 16-fold, 8-fold and 3-fold higher than that of bare GCE, GCE(ox), rGO/GCE, respectively. This result suggested that the synergetic graphene and pre-anodized glassy carbon electrode make contributions to the higher current response and the detection sensitivity of SAS.
To further elucidate the electrode reaction of SAS at rGO/GCE(ox), the influence of the potential scan rate (v) on the peak current (ip) of 5.0 × 10 -5 mol L -1 SAS was studied by CV at various sweep rates. . The peak currents of SAS grew with increasing of scan rates, and there were good linear relationships between ip and v, indicating that the redox process of SAS at rGO/GCE(ox) was adsorptioncontrolled. Further evidence of the adsorption-driven reaction at the rGO/GCE(ox) surface was that the peak current in the second cyclic sweep decreased remarkably compared with that of the first cyclic sweep in the repetitive cyclic voltammograms. Based on Laviron's theory of an adsorption-controlled process, the ip -v relation can be described as follows: 
This means that the electron-transfer number, n, can be calculated as long as the CV peak area, Q, is obtained under a certain scan rate. As the scan rates varied from 0.05 to 0.80 V s -1 , n = 2 was calculated as an average. The elctro-oxidation of SAS at rGO/GCE(ox) was also investigated by employing chronocoulometry (CC) for determinating the saturating adsorption capacity.
The rGO/GCE(ox) was immersed in a SAS solution (1.0 × 10 -4 mol L -1 ) for several minutes to achieve saturated adsorption. Then, a step potential from 0.3 to 0.8 V was applied. A Q-t curve was recorded (Fig. 7, curve b) to calculate the saturated adsorption capacity. For control, a Q-t curve was recorded in a blank solution too (Fig. 7, curve a) . Corresponding Q-t 1/2 plots were also obtained, and were shown as the inset in -10 mol cm -2 for bare GCE, GCE(ox) and rGO/GCE, respectively, which further identify a strong adsorption capacity of the rGO/GCE(ox).
Influence of supporting electrolytes and solution pH
The types of supporting electrolytes played a key role in the voltammetric responses of SAS; the current responses of 5.0 × 10 -5 mol L -1 SAS were estimated in different supporting electrolytes, such as HCl (pH = 1 -3), H2SO4 (pH = 0.5 -3), phosphate buffer (pH = 6.0 -8.0), acetate buffer (pH = 4.0 -7.0), Britton-Robinson (pH = 2.0 -10.0) and borate buffer (pH = 7.5 -9.0). The results showed that a higher peak current and a better peak shape could be obtained in a H2SO4 solution. Therefore, the H2SO4 buffer solution was adopted.
To further investigate the mechanism of the electrochemical redox of SAS, the effect of the solution pH on the response of SAS was also studied by CV. Both the anodic peak potential (Epa) and the cathodic potential (Epc) shifted negatively with increasing the solution pH, indicating that the electrocatalytic oxidation of SAS at rGO/GCE(ox) is a proton-involved reaction. The relationship between the peak potential and the pH could be fitted into the regression equation, Epa = 0.591 -0.051pH (R = 0.998) and Epc = 0.568 -0.053pH (R = 0.999). From the slope value, which is very close to the theoretical value of -59 mV, it indicates that the electrocatalytic redox of SAS at rGO/GCE(ox) is an equal electron-and proton-process. Since the redox of SAS is a two-electron process, the number of protons involved should also be two. Therefore, the mechanism for the SAS oxidation may be expressed as follows:
Optimization of experimental variables
To overcome the influence of the blank current for the detection sensitivity, we chose the reduction peak as the object to investigate. In order to obtain a much more sensitive peak current, the SWV was employed for the determination of SAS. The square-wave voltammetric response depended mainly on various instrumental parameters. The optimum instrumental conditions (pulse-amplitude Esw, frequency f) were studied using SWV. The results indicated that the peak current, ipa, increased with increasing square-wave amplitude from 5 to 50 mV, or square-wave frequency in the range of 5 -50 Hz, but the peak potential shifted to less negative values and the peak changed unshapely. Thus, 25 mV was chosen as the optimum amplitude, and 20 Hz was chosen as the optimum frequency.
For considering of the adsorption of SAS on the rGO/GCE(ox) surface, the SWV technique coupled with the accumulation procedure was used for this study. With an increase in the accumulation time (tacc), ipc increased. When tacc was 210 s, ipc achieved a maximum value in the SAS solution of 1.0 × 10 -6 mol L -1
. A plateau appeared for prolonging the tacc afterwards, and the accumulation potential had a small effect on the peak current. Thus, a tacc of 210 s was used for further studies. Also, the accumulation of SAS was carried out under an open circuit. 
Calibration curve, detection limit, reproducibility and stability
where ipc is the reduction peak current in μA and c the concentration of SAS in μmol L -1 . Based on the signal-to-noise ratio of 3 (S/N), 40 the detection limit was obtained to be 2.0 × 10 -8 mol L -1 . These values confirmed the sensitivity of the proposed method for the determination of SAS. To estimate the reproducibility of the proposed electrode, the RSD of five times successful measurements of the peak current of 5.0 × 10 -5 mol L -1 SAS was calculated to be 3.7%, which demonstrated the good reproducibility of the proposed electrode. rGO/GCE(ox) could be stored for about 4 weeks, and the decrease of the response was obtained as 2.1%, which indicated that rGO/GCE(ox) had good stability.
Interference studies
To assess the selectivity of the current method for detecting SAS, we performed SAS detection in the presence of dopamine (DA), epinephrine (EP), ascorbic acid (AA) and uric acid (UA). As shown in Fig. 9 (curve a, curve b) , the presence of UA (up to 1-fold) and AA (up to 2-fold) did not affect the detection of SAS at a concentration of 2.0 × 10 -5 mol L -1 . The data demonstrated that the rGO/GCE(ox) is highly selective for the detection of SAS at physiological concentrations. However, SAS and DA or EP cannot be separated (see curve c), indicating that DA and EP can interfere with the detection of SAS in this method.
Determination of SAS in medicinal tablets
To evaluate the practical applicability of the proposed method, it was employed for the detection of SAS in medicinal tablets. We found that if the proper amount of sample solution was used, the content of SAS could be obtained through calculating from the linear-regression equation of the standard solution. The SAS content in the medicinal tablets was calculated and compared statistically by the Student's t-test for accuracy with the result obtained by the UV method (Table 1) at the 95% confidence level. 41 The result showed that the t-test value was less than the critical value, indicating that there was no significant difference between the proposed and UV methods. Because the proposed method was simpler and more time-saving than the UV method, it can be recommended for the SAS analysis of tablets.
Conclusions
In the current work, we designed a simple, but highly sensitive, electrochemical sensor, based on rGO film modified pre-anodized GCE, for the detection of trace amounts of SAS. The electrochemical behaviours of SAS on rGO/GCE(ox) were explored by CV and SWV. Electrochemical characterizations revealed that the response of SAS at this sensor was enhanced by 16-fold compared with a bare electrode. Furthermore, this sensor has the merits of a wide calibration range and a low detection limit, which have been applied to the detection of SAS in medicinal tablets. 
